ABSTRACT This paper studies the dark-channel-prior (DCP)-based dehazing from the implementation perspectives. Several schemes are proposed, in order to realize the fast execution of the DCP-based method targeting the outdoor video dehazing. The airlight estimation is performed based on distributed sorting with scaled luminance and executed selectively by considering the coherence between successive images in a video stream, which results in a significant reduction of complexity. In addition, the complexity involved in the transmission estimation is reduced by an assumption regarding the chrominance of the airlight under the outdoor environment. The performance of the DCP-based dehazing method with the proposed schemes is evaluated under a prototype implementation in terms of execution time, as well as dehazing quality. In the DCP-based dehazing method with the proposed schemes, the overall execution time is reduced by up to 49% while the dehazing quality is maintained to that of the original method. The demonstration video and the experimental results are provided publicly.
I. INTRODUCTION
The quality of outdoor images taken in hazy weather conditions may be degraded severely by light scattered by atmospheric particles [1] , [2] . Since quality degradation is associated with loss of contrast and color fidelity, computer vision applications that operate subsequently with the degraded images may not work properly; such applications include multimedia systems, automotive vision systems [3] , surveillance systems [4] , and so on. Therefore, to achieve successful realizations of this kind of consumer applications, the haze in an input image needs to be removed in order to enhance the quality of the image. The signal processing used to remove haze is called dehazing.
Since the density of haze is locally non-uniform and depends on unknown scene depth information, dehazing is an under-constrained problem for a hazy image. Hence, most previous dehazing methods resort to using powerful priors or immanent assumptions on a hazy image [5] - [10] . Under the assumption that haze-free images have a much higher contrast in comparison to hazy images, Tan proposed a dehazing method that maximizes local contrast based on a Markov random field model [5] . Tan's method shows visually pleasing results for some hazy images, but oversaturated results for others. Fattal proposed another dehazing method based on independent component analysis under the assumption that surface shading and transmission are locally uncorrelated [6] . Gibson et al. [9] investigated the dehazing effects on the subsequent image and video coding for surveillance systems. Shiau et al. [10] implemented the DCPbased dehazing method as a hardware, in which a new edgepreserving smoothing technique was presented to refine the transmission. Some researchers treated the dehazing as a kind of the classical contrast enhancement problem [11] , [12] . Wang et al. [13] presented a new dehazing method based on linear transformation. Dehazing can also be performed based on the deep neural network as presented by some researchers recently [14] , [15] ; such neural-network-based approach achieves a high quality but usually involves such a prohibitive complexity that hinders an efficient implementation. He et al. [7] proposed a simple but effective dehazing method that is based on the dark channel prior (DCP). He et al. [16] also proposed a low-complexity edge-preserving smoothing technique called guided filter, which can replace the computationally-intensive soft matting in the original DCP-based dehazing method effectively. He's method shows impressive dehazing quality when compared to other previous methods, as assessed in [17] - [19] .
Dehazing methods usually consist of several processing steps including airlight and transmission estimations, transmission refinement, and scene recovery, which entail high complexity. Most previous studies [5] - [9] have focused on improving dehazing quality without seriously contemplating efficient implementation, even though dehazing involves such high complexity. Furthermore, little consideration has been taken on dehazing sequential images in a video stream. Since the aforementioned use cases (for which dehazing is applied for video streams in a pre-processing step) are usually implemented in embedded and miniaturized systems, the efficient implementation of a dehazing method is crucial.
This paper proposes several schemes to achieve a fast execution of the DCP-based dehazing method for outdoor video streams under the natural light illumination. Based on the proposed schemes, the original DCP-based dehazing method is modified aiming at achieveing the fast execution speed while maintaining the dehazing quality. The dehazing method with the proposed schemes is implemented and its performance is evaluated elaborately in order to show the effectiveness of the proposed schemes. The contributions are summarized as follows:
• Three schemes are proposed in order to shorten the execution time of the DCP-based dehazing method without sacrificing a dehazing quality. An efficient scheme to estimate the airlight based on distributed sorting with scaled luminance is presented. Furthermore, a simple but effective scheme to estimate the airlight selectively by considering the coherence between successive images in a video stream is presented. In addition, a scheme to reduce the complexity involved in transmission estimation is presented by assuming that the airlight is achromatic.
• The DCP-based dehazing method with the proposed schemes is presented and its performance is compared with that of the original method under the prototype implementation in an embedded system. When compared to the original method, the dehazing time is reduced by 49% while dehazing quality is maintained. All the experimental results are provided as supplementary files from a public website [20] . The rest of the paper is organized as follows. Section II describes the original DCP-based dehazing method. Section III proposes the schemes to achieve a fast execution of the DCP-based dehazing method while maintaining the quality and presents the dehazing method based on them. Section IV shows the evaluation results of the DCP-based dehazing method with the proposed schemes by comparing the dehazing time and the quality with those of the original method under the prototype implementation. Section V draws the conclusion.
II. DCP-BASED DEHAZING METHOD
The formation of a hazy image can be modeled as follows [1] , [2] , [5] - [10] , [21] :
where I c (x) and J c (x) represent the intensity of the pixel located at x for channel c ∈ {R, G, B} in the hazy image I and the haze-free image J, respectively, and A c represents the spatially-invariant airlight component for channel c. In the model above, t(x) represents the transmission at x, where the transmission stands for the portion of the light that flows into the camera without scattering. t(x) ranges from 0 to 1. Given a hazy image, the dehazing process is usually performed by estimating the airlight and the transmission, and recovering a haze-free image based on these estimations. The DCP-based dehazing method is performed as illustrated in Fig. 1 . To estimate the airlight, the dark channel of the hazy image is first calculated as follows:
where I dark (x) denotes the intensity of the dark channel of I at x, and (x) represents the set of pixel locations in the local patch centered at x. The airlight estimation is performed by searching the set of the candidate locations, which is obtained by sorting the pixels. Specifically, the entirety of the pixels are sorted to pick the candidate locations corresponding to the N brightest pixels in the dark channel of the hazy image, where N is configured to be 0.1% of the total number of pixels [7] . The airlight is obtained by searching the candidate locations for the brightest pixel in the hazy image, which can be expressed as follows:
where A and S represent the estimate of the airlight and the set of candidate locations obtained by sorting, respectively. Y (x) represents the luminance of the hazy image I at x and can be calculated by 0. [22] . The pixel corresponding to the airlight is known as the airlight pixel. For outdoor images, the dark channel of the haze-free image can be considered to have zero intensity at all locations; this is the so-called DCP. To estimate the transmission based on the DCP, the hazy image has to be normalized by the airlight, and the dark channel of the normalized image has to be calculated again, as shown in Fig. 1 . The transmission can be calculated with the dark channel of the normalized image as follows: [7] , where I, I dark ,Î, Y, t , t , and J represent the hazy image, the dark channel of I, the normalized hazy image, the luminance map of I, the estimate of the transmission, the refined transmission, and the recovered scene, respectively.
where t (x) is the estimate of the transmission at x,Î (x) is the intensity of the normalized hazy image at x (and is calculated by dividing I(x) by A in a component-wise manner), and ω is set to 0.95 so as to keep an aerial perspective [7] . The transmission resulting from (4) can be refined employing the guided filter; readers should refer to [16] and [23] in order to see how the guided filter can be applied to perform this refinement process. Finally, the scene is recovered with the estimated airlight and the estimated transmission using the following equation:
where J (x) denotes the intensities at the recovered scene at x, t (x) denotes the refined transmission at x, and t 0 is set to 0.1 in order to avoid divergence by clamping the transmission [7] .
III. PROPOSED METHOD
This section proposes several schemes aiming at an efficient implementation of the DCP-based dehazing method targeting outdoor video streams. The proposed schemes reduces the complexity involved in the airlight estimation and the transmission estimation, which enables the fast execution of the DCP-based dehazing method. By modifying the original DCP-based dehazing method based on the proposed schemes, a new dehazing method is presented.
A. LOW-COMPLEXITY AIRLIGHT ESTIMATION BASED ON DISTRIBUTED SORTING WITH SCALED LUMINANCE
The airlight estimation in the original method entails high complexity due to the sorting the entire pixels to find the set of candidate locations as shown in Fig. 1 . The proposed scheme finds the set of candidate locations in a low-complexity manner by employing distributed sorting. To be concrete, the image whose size is W × H is partitioned into T subregions each of which has the size that is not larger than w × h, where T is equal to W /w · H /h (for convenience, this is described by stating that the size of the sub-region is w × h). The set of pixel locations belonging to the n-th subregion is denoted by R n . The proposed scheme formulates the set of candidate locations by performing distributed sorting for the partitioned regions; i.e., S, which is the search space in the airlight estimation expressed in (3), is formulated by
In comparison to the airlight estimation scheme in the original method, complexity can be reduced significantly because the pixels belonging to each sub-region need not be sorted but rather searched for the maximizer of the dark channel intensity. To be concrete, the complexity to find the set of candidate locations is in T · O (wh) in the proposed scheme, which is far lower than the corresponding complexity in the original scheme that in O (WH log WH ), where WH ≈ Twh.
Because of the distributed sorting that is performed for th e paritioned image instead of the entire itself, it is possible for the candidate locations in the proposed scheme to include the locations of some dark pixels that have relatively low dark channel intensities. This may lead to the misestimation of the airlight if the dark pixels have high luminance. To avoid such misestimation that may be caused by the dark pixels in the candidate locations, the proposed scheme picks the airlight pixel by searching the candidate locations for the brightest pixel in the scaled luminance instead of the original luminance. The original luminance is scaled by the dark channel intensity; i.e., the scaled luminance at x is expressed by
The searching process is performed as expressed in (3), but L(x) replaces Y (x). Since the searching process in the proposed scheme is performed with the scaled luminance (which represents the dark channel intensity as well as the original luminance), the locations of the dark pixels may not be selected to be the location of the airlight pixel even though their luminance are relatively high.
The airlight estimation in the proposed method is illustrated in Fig. 2 , by contrasting that in the original method. As shown in the figure, the proposed scheme obtains the set of the candidate locations in a low-complexity manner by employing the distributed sorting. Even though the dark pixels such as z 11 and z 12 are included in the set of the candidate locations, the proposed scheme produces the same estimate by searching the scaled luminance instead of the original luminance because such dark pixels have low intensities in the scaled luminance.
As the proposed scheme estimates the airlight based on distributed sorting with scaled luminance, there may be differences between the estimation results obtained by the proposed and the original scheme. Table 1 shows the results of the airlight estimation for sample hazy images. 1 In the airlight estimation, the size of the local patch used in the calculation of the dark channel was configured to 15 × 15 consistently both for the proposed and the original scheme, and the size of each sub-region for distributed sorting in the proposed scheme was configured to 20 × 20. As shown in the table, the difference between the estimation results is not so large [20] .
in terms of the root mean-squared difference (RMSD), which is calculated by finding the square root of the mean-squared difference for each color component of the estimation result. Section IV will investigate how the proposed scheme affects the final dehazing quality.
B. SELECTIVE AIRLIGHT ESTIMATION
The airlight has the coherence between successive images in a contemporary video stream because the time between two successive images is very short. By exploiting the coherence that exists between successive images, this scheme executes the airlight estimation only when it needs to be performed.
The airlight is obtained by picking the pixel intensity at the location that is estimated based on the sorting process considering the dark channel as well as the luminance of a hazy image, as presented in the previous section. If any one of the dark channel intensity and the luminance at the previous location of the airlight pixel changes considerably, it is probable that the location of the airlight pixel is changed and thus needs to be updated by the re-estimation. In accordance with this concept, the proposed scheme formulates the criterion based on the difference in the scaled luminance, Table 2 , where the non-selective estimation means that the estimation is performed for every image composing a video stream.
which combines the dark channel intensity and the luminance multiplicatively. If the difference in the scaled luminance at the previous location of the airlight pixel is larger than the threshold, the location is re-estimated and updated. The criterion to execute the airlight estimation is expressed as follows:
whereż (prev) represents the location of the previous airlight pixel, L (prev) (x) and L (current) (x) represent the scaled luminance at x in the previous and the current image, respectively, and L th is the threshold of the difference in the scaled luminance. If the criterion is met, the airlight for the current image is estimated as described in the previous subsection and the location of the airlight pixel is updated to be the new one; otherwise, the airlight is determined to be the intensity of the current image at the previous location of the airlight pixel. Fig. 3 describes the concept of the proposed selective scheme and Fig. 4 shows its flow. Fig. 5-6 show the estimation results of the airlight in the dehazing of two sample video streams: Tree and Road, where the sample video streams used in the experiments can be accessed through [20] and their characteristics are summarized in Table 2 . The threshold of the difference in the scaled luminance was configured empirically to L th = 650. It should be noted that the same threshold value is used consistently for dehazing various video streams listed in the table. The other parameters were configured as described in the previous subsection. As shown in the figure, the estimation results did not show much difference in terms of RMSD even though the airlight estimation was executed selectively in the proposed scheme. The proposed scheme reduced the number of executions of the airlight estimation by 68% and 98% for Tree and Road, respectively. The reduction rate for Tree was more significant than that for Road. This is because Tree is more static than Road, so there is more coherence between successive images [20] . Since the experiments were conducted with a constant threshold, more reduction was achieved for more static video streams.
The performance of the selective estimation of the airlight estimation is investigated for several sample video streams having the various characteristics in Table 2 . For each of the images composing a video stream, RMSD is calculated by Table 2 , where the non-selective estimation means that the estimation is performed for every image composing a video stream. Table 2 .
TABLE 3. Performance of the airlight estimation for the sample video streams in
contrasting to the referential estimation result that is obtained by performing the airlight estimation scheme in the original method in a non-selective manner. The maximum RMSD is obtained by finding the maximum of the RMSD's for the entire images composing each video stream. Table 3 summarizes the results. The reduction rate in the number of the executions of the airlight estimation in the proposed method is as significant as 92% in average, while the estimation results are not noticeably different.
C. LOW-COMPLEXITY TRANSMISSION ESTIMATION
This scheme estimates the transmission assuming that the airlight is achromatic under the outdoor environment. The term 'achromatic' refers to the condition that the colors are neutral; for example, gray. In this condition, A R , A G , and A B are assumed to be equal to the maximum of them in the transmission estimation. This is motivated by the fact that the natural light illuminating the haze in an outdoor image has an almost uniform energy distribution through the spectrum in the visible range [24] , [25] . The results shown in Table 1 demonstrate that the assumption is reasonable; the variance between the color components of the airlight is negligibly small, which supports the assumption in the proposed scheme.
By using such an assumption regarding the chrominance of the airlight, the complexity involved in the transmission estimation can be reduced considerably. Since each component of the airlight is assumed to be equal to max ({A R , A G , A B }), where max(A) denotes the maximum element in A, the dark channel of the normalized image is equal to the normalized dark channel; i.e.,Î dark is mathematically equivalent to I dark / max ({A R , A G , A B }). Hence, the proposed scheme does not calculate the dark channel for the normalized image but reuses the dark channel that has already been calculated for the airlight estimation. In addition, as normalization is performed with respect to the dark channel, the complexity involved in normalization can also be reduced. The proposed scheme normalizes I dark , which has a single color component per pixel location, while the original method normalizes I, which has three color components per pixel location. As a result, the complexity involved in the normalization step can be reduced by a factor of three. Though dehazing quality may be affected by the proposed scheme, it is not noticeable, as will be shown in Section IV. 
D. DCP-BASED DEHAZING METHOD WITH THE PROPOSED SCHEMES
This subsection proposes a dehazing method by modifying the original DCP-based method, of which overall processing flow is described in Fig. 1 , with the proposed schemes presented in the previous subsections. The overall processing flow of the proposed dehazing method is shown in Fig. 7 . As shown in the figure, the proposed method performs the overall dehazing process in four steps just as the original method does, but some processing steps are modified or eliminated. The proposed method performs the airlight estimation based on distributed sorting with scaled luminance, which involves much lower complexity than the original method that performs the airlight estimation based on exact sorting. Furthermore, the proposed method performs executes some processing steps involved in the airlight estimation selectively by considering the coherence between successive images in a video stream. In the transmission estimation, the proposed method does not calculate the dark channel again but reuse the dark channel that has been calculated already for the purpose of the airlight estimation, and the normalization process is simplified to the single-channel operation. As a result, the overall complexity of the proposed method is significantly reduced from that of the original method; such reduction leads to the fast execution of the overall dehazing process, which will be demonstrated in the prototype implementation in the next section.
IV. EVALUATION A. PROTOTYPE DEHAZING SYSTEM
As the proposed schemes try to improve the processing speed of the DCP-based method, their validity is verified by comparing the performance of the proposed method presented in Section III-D with that of the original method [7] . The performance comparison was conducted in a fair manner under the prototype system shown in Fig. 8 . The prototype system was implemented based on the off-the-shelf systemon-chip (SoC), which was composed of two sides: the hard processor system (HPS) and the field-programmable gate array (FPGA). Both the proposed and the original dehazing method were implemented as a software, using the C language, and ran by the CPU in HPS side for the hazy sources stored in the memory. HPS and FPGA are operated at 800MHz and 50MHz, respectively. The dehazing results are copied from HPS side to FPGA side by the direct memory access (DMA) and displayed through the external monitor.
In the implementation, the size of the local patch used in the calculation of the dark channel was configured to 15 × 15 for both the proposed and the original method, as described in the previous literature [7] . Each sub-region for distributed sorting in the airlight estimation was configured to 20 × 20 consistently in the proposed method. The original method was implemented so as to estimate the airlight non-selectively for every image composing a video stream. When the airlight estimation was executed selectively in the proposed method, the threshold of the difference in the scaled luminance was configured constantly to 650. The fast algorithm [26] of the guided filter was employed to implement the transmission refinement process for both the proposed and the original method, where the regularization parameter, the radius of the window, and the subsampling ratio were configured 0.001, 20, and 1, respectively, as did in the previous literature [16] .
B. COMPUTATIONAL COMPLEXITY AND EXECUTION TIME
The computational complexity was investigated by counting the numerical operations performed in the proposed and the original method under the prototype system. Table 4 shows the average computational complexity in dehazing a single hazy image. As shown in the table, the complexity of the proposed method is far lower than that of the original method. The reduction rate is up to 50% when the airlight is estimated selectively in the proposed method.
The execution time was analyzed by profiling the dehazing methods under the prototype system. By measuring the total execution time taken for dehazing each video stream in Table 2 , the average execution time per image was estimated. The execution time taken for the airlight estimation was significantly reduced by the low-complexity airlight estimation scheme presented in Section III-A, and further reduced by the selective estimation scheme presented VOLUME 6, 2018 in Section III-B. Table 5 shows the reduction rate in the execution time for the airlight estimation. The execution time taken for the transmission estimation was also reduced because the normalization process is simplified and the calculation of the dark channel is eliminated by the assumption regarding the chrominance of the airlight in the proposed method. Fig. 9 shows the comparisons of the overall execution time for dehazing. When compared to the original method, the proposed method reduced the overall execution time taken for dehazing a single image by 49% in average. In the demonstration video that are provided supplementarily [20] , the significant improvement in the dehazing speed by the proposed method can be found.
C. DEHAZING QUALITY
It is of importance to see that the dehazing quality is maintained to that of the original DCP-based method even when the proposed schemes are applied in order to achieve a fast execution. The final dehazing results obtained by the proposed method are compared with those by the original DCP-based method, where the difference is measured in an objective manner by calculating RMSD for each color channel with the referential results obtained by the original DCP-based method. Table 6 summarizes the comparison results for several sample hazy images that can be Table 2 . For the result of each video stream, the left, the middle, and the right correspond to the execution time of the original method, the proposed method without the selective airlight estimation, and the proposed method with the selective airlight estimation, respectively. seen in [20] . As shown in the table, the dehazing results obtained by the proposed method are not so different from those obtained by the original method, in terms of RMSD.
In the table, Pumpkins shows relatively large RMSD when compared to others. This corresponds to the case when the achromaticity, which is the assumption for the lowcomplexity transmission estimation scheme in the proposed method, is violated to some extent, since the estimated airlight of Pumpkins is slightly far from the achromatic one as shown in Table 1 . In other remaining images in the table, the assumption can be applied successfully, so that RMSD of the dehazing results is not significantly large. Fig. 10 shows some of the dehazing results in order to demonstrate the dehazing quality in a subjective manner. As shown in the figure, the dehazing quality of the proposed method is as good as that of the original DCP-based method. Table 7 shows the difference of the dehazing results of the proposed and the original method that were applied for the video dehazing, where the airlight was estimated selectively in the proposed method. As shown in the table, the dehazing results do not show much difference even when the airlight estimation is selectively executed in the proposed method. There are various dehazing methods and their dehazing quality cannot be evaluated in a simple way. The study presented in [19] compares several dehazing methods by means of both subjective and objective methodologies for the image quality assessment. Even though one dehazing method does not always show the best quality, the overall quality of the DCP-based method is quite good in comparison to other methods. This work proposes a DCP-based dehazing method based on several schemes aiming at the fast execution. The difference between the dehazing results obtained by the proposed DCP-based method and the original DCP-based method is very little as presented in this section. This suggests that the dehazing quality of the proposed method follows the dehazing quality of the original DCP-based method.
D. COMPARISON WITH RELATED WORK
This section presents the comparative study in which the performance of the proposed method has been compared with the performance of the previous methods. The comparative study selected the previous methods, which were developed VOLUME 6, 2018 having the same objective of this work, i.e. the methods based on the original DCP-based method but modified for the fast execution. For fair comparison, the previous methods were also implemented as software and the execution time was measured under the same system that was used for the evaluation of the proposed method in Section IV-A. 1 All the parameters of the previous methods were configured as were in their work. Table 8 shows the average execution time per singleimage dehazing for the various video streams. Table 9 shows the average RMSD, where the referential results obtained by the original DCP-based method. The specifications of the video streams used in the comparative study can be found in Table 2 .
When compared to the original method, the proposed method can reduce the execution time significantly while the dehazing quality is maintained, as investigated in the previous subsections. Such merit is also considerable even compared to the previous methods. As shown in Table 8 and  Table 9 , the proposed method is very fast while it maintains the dehazing quality quite well with the small RMSD. The methods presented in [27] and [28] are also fast but their dehazing results are quite different from the original ones. In those methods, the airlight is estimated by finding the brightest pixel [28] or averaging the pixel intensities in a hazy image [27] , which may cause the mis-estimation inevitably when there are white objects in a hazy image. Furthermore, those methods do not refine the transmission for the purpose of reducing the complexity by sacrificing the quality. Fig. 11 illustrates the dehazing results obtained by the DCP-based 
FIGURE 11.
Comparisons of the dehazing results for Toys, Temple, Buildings2, where the images in the first column are the hazy images and the others in the second through the last column are the dehazing results obtained by the original method [7] , the proposed method, and the methods presented in [10] , [27] , and [28] , respectively. methods considered in this subsection. As shown in the figure, the dehazing results obtained by the proposed method are almost the same as the original ones. In contrast, the results obtained by the previous methods are quite different and the quality degradation due to the halo artifacts and/or the color saturation is severe.
V. CONCLUSION
This paper presented efficient schemes to realize a fast dehazing system targeting outdoor video streams. The original DCP-based dehazing method was enhanced in order to make the dehazing process fast while maintaining a dehazing quality. For this purpose, the airlight estimation is performed based on distributed sorting with scaled luminance. The airlight estimation is executed selectively by exploiting the coherence between successive images in a video stream. In addition, the complexity involved in the transmission estimation is reduced by the assumption regarding the chrominance of the airlight. Evaluated under the prototype implementation, the overall execution time for dehazing a single image was reduced by 49%. The dehazing quality was maintained even with such fast execution.
